The effects of vitamin A deficiency on electrogenic transport in the colon were examined in rats made vitamin A deficient at weaning by feeding a vitamin A deficient diet for 40 days. A pair fed control group was given the same diet but supplemented with soluble vitamin A in their drinking water. The basal and stimulated electrogenic secretory and absorptive functions of the muscle stripped proximal, mid, and distal colon were examined in vitro using the short circuit current (Isc) as the index of net ion transport. A significant increase in the basal and secretory Isc (mainly Clions) induced by the cholinergic agonist bethanechol was observed in the mid-colon of the vitamin A deficient rats. In the distal colon, however, vitamin A deficiency caused a significant reduction in both the basal and secretory Isc response to bethanechol compared with the vitamin A supplemented pair fed control. Secretory Isc induced by dibutyryl cyclic adenosine monophosphate was not significantly altered by vitamin A deficiency. The condition abolished the response of the distal colon to luminal amiloride (0.1 mmol/l). Thyroid hormone induced reduction in the distal colonic response to aldosterone is implicated in this lack of response. This is the first experimental linkage between vitamin A action, the thyroid hormone and aldosterone on colonic function. The colonic changes induced by vitamin A deficiency, namely hypersecretion and a reduced electrogenic distal absorptive function, together with the previously described smali intestine hypersecretion may be the underlying basis for the diarrhoea observed in human and animal vitamin A deficiency.
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Abstract
The effects of vitamin A deficiency on electrogenic transport in the colon were examined in rats made vitamin A deficient at weaning by feeding a vitamin A deficient diet for 40 days. A pair fed control group was given the same diet but supplemented with soluble vitamin A in their drinking water. The basal and stimulated electrogenic secretory and absorptive functions of the muscle stripped proximal, mid, and distal colon were examined in vitro using the short circuit current (Isc) as the index of net ion transport. A significant increase in the basal and secretory Isc (mainly Clions) induced by the cholinergic agonist bethanechol was observed in the mid-colon of the vitamin A deficient rats. In the distal colon, however, vitamin A deficiency caused a significant reduction in both the basal and secretory Isc response to bethanechol compared with the vitamin A supplemented pair fed control. Secretory Isc induced by dibutyryl cyclic adenosine monophosphate was not significantly altered by vitamin A deficiency. The condition abolished the response of the distal colon to luminal amiloride (0.1 mmol/l). Thyroid hormone induced reduction in the distal colonic response to aldosterone is implicated in this lack of response. This is the first experimental linkage between vitamin A action, the thyroid hormone and aldosterone on colonic function. The colonic changes induced by vitamin A deficiency, namely hypersecretion and a reduced electrogenic distal absorptive function, together with the previously described smali intestine hypersecretion may be the underlying basis for the diarrhoea observed in human and animal vitamin A deficiency.
Diarrhoea is a well known accompaniment of vitamin A deficiency in humans' and in primates.2 Its cause has not been established unequivocally despite numerous field studies. 3 Because of difficulties in carrying out controlled human experiments, an investigation into the effects of vitamin A deficiency on the secretory and absorptive functions of the small and large intestine in the rat was undertaken. We have reported previously that vitamin A deficiency increases secretory function in the rat small intestine. 4 The present study examines the secretory and absorptive functions of the rat proximal, mid, and distal colon in vitamin A deficiency. The results show that vitamin A deficiency induced specific changes in the colonic response to both secretory and absorptive stimulations. These changes, together with those observed in the small intestine,4 could be the underlying basis of the alimentary disorder leading to the diarrhoeal state in the human. An interesting feature of the study is the putative involvement of the thyroid hormones in the action of vitamin A and aldosterone on the induction of electrogenic Na+ absorption in the distal colon.
Methods
ANIMAL GROUPS
Weanling, 3 week old, male albino rats of the Sheffield University strain (weight 60-80 g) were divided into six groups (see Table I for summary Rats were made hypothyroid by allowing them to drink a solution of 0 5 mmol/l 6-n-propyl-2-thiouracil ad lib for 28 days with standard diet CRM provided ad lib. These hypothyroid rats were divided into three groups (see Table I ). Group A was fed ad lib, group B was acutely undernourished for nine days by feeding them one third (approximately 8 g) of the average adult rat daily food (diet CRM) intake/day. The reduced intake was started on the 19th day and maintained until the 28th day of the induction of hypothyroidism. Group C was acutely undernourished, identically to group B, but received a daily subcutaneous injection of L-thyroxine course profiles for this response are shown in Figure 1 for the proximal colon.
Comparing the vitamin A deficient rats (group 1) with the vitamin A deficient rats supplemented with vitamin A (group 3), a significantly raised AIScmax was seen in the mid-colon of group 1 rats (+91%, p<0001). In contrast, the distal colon had a greatly reduced AIScmax in the vitamin A deficient rats compared with group 3 (-53%, p<0001). When group 4 rats were compared with group 1 rats, a significantly raised secretory AISCmax was seen only in the proximal colon (+26%, p<005). In comparison with group 5 rats (age matched controls fed normal diet), group 1 showed a significantly raised AIScmax in the proximal (+94%, p<0001), mid (+164%, p<0001), and distal colon (+94%, p<0.001).
SECRETORY CURRENTS INDUCED BY DIBUTYRYL-CAMP
Secretory currents induced by dibutyryl-cAMP in the stripped proximal, mid, and distal colon are shown in Table IV . Time course profiles for this response are shown in Figure 2 for the proximal colon. The AIScmax's of the vitamin A deficient rats (group 1) of all segments were not significantly different from those of the vitamin A supplemented pair fed rats (group 3). However, when compared with the diet CRM pair fed rats (group 4), the AIScmax of group 1 rats showed a significant increase in the mid (+ 39%, p<005) and distal colon (+71%, p<0001). When group 1 was compared with group 5, a significantly raised AIScmax was seen in the proximal (+45%, p<0 01), mid (+53%, p<001), and distal colon (+59%, p<0 02). addition of amiloride (Fig 3) . The distal colons from groups 2 and 3 (Table I) (Fig 4) , a result similar to the lack of response seen in the vitamin A deficient rats (group 1, Fig 3) . The hypothyroid acutely undernourished rats receiving L-thyroxine (group C, see methods) not only had a raised basal Isc, similar to the conventional distal colonic response to acute undernutrition (Table  IV) , but the raised basal Isc also responded to mucosal amiloride with an instantaneous reduction (-73%, p<0 001, Fig 4) .
Discussion VITAMIN A DEFICIENCY AND CONTROL GROUPS
This study examined the effects of vitamin A deficiency on the bioelectric properties and electrogenic secretory and absorptive transport of the proximal, mid, and distal colon in vitro. Although several control groups (groups 2-5) were used, the vitamin A supplemented groups 2 and 3 were the direct experimental controls for the vitamin A deficient rats (group 1). However, on analysis of the data, the plasma vitamin A concentration of the 80 IU vitamin A supplemented pair fed rats (group 2) was not significantly different from that of the vitamin A deficient group 1. This vitamin intake was not enough to normalise the vitamin A status of the secretagogues. The mid-colon gives the largest ,sal addition ofamiloride in group S (conventional rats fed ad lib) (0); group 6rse ne g both. e -the 'entional rats acutely undernourished (nine days)) (0); group A (hypothyroid rats, fed ad response for both. With bethanechol, the A); group B (hypothyroid rats acutely undernourished (nine days)) (A); and group C proximal segment is the next most responsive, Athyroid rats acutely undernounrshed and receiving subcutaneous injection ofL-thyroxine and the distal the least. In the case of dibutyryl-,/100 g bwtlday)) (*) rats. Results are plotted as mean (SEM) representing at least eight als.~~~~~~~~~~~~cAMP, however, the proximal and distal als.
responses were not significantly different. The reasons for these differences are not fully underdeficient rats,4 consequently the discussion will stood. In the case of bethanechol, it could be focus on comparisons made with the 240 IU partly due to variations in the density of the vitamin A supplemented pair fed group 3. Group muscarinic receptors or their coupling to the 4 was used as an additional control to investigate secretory processes, but obviously this cannot the impact of long term undernutrition based on occur with dibutyryl-cAMP. Other authors have the reduced food intake induced by vitamin A also reported on the heterogeneity of response of deficiency. Group 5 In the ad lib fed conventional rats there is no, or very little, amiloride sensitive electrogenic Na+ absorption in the proximal, mid, or distal colon, in contrast to the 90% or more induced in the distal colon only by dietary Na+ depletion. '5 16 This response is mediated by the increased plasma aldosterone value created by the lowered NaCl intake. We have recently shown that acute undernutrition (reducing the normal adult rat food intake by 33% to 8 g/ratlday for up to nine days) induces a dramatic increase in the amiloride sensitive electrogenic Na+ absorption in the rat distal colon. 7 The vitamin A deficient rats have a reduced food intake compared with that of rats fed diet CRM ad lib (group 5). In this respect, they can be regarded as chronically undernourished compared with normal fed rats. They were thus expected to show raised basal Isc found that in vitamin A deficient rats, there is a reduced functional capacity of nuclear triiodothyronine receptors, a reduced peripheral metabolism of thyroxine, and a reduced penetration of triiodothyronine into cells. All these findings are consistent with an apparent 'hyperthyroid status' of the thyroid hormones at the plasma level, but a 'hypothyroid state' at the peripheral cellular level.
We examined the involvement of the thyroid hormone in the distal colonic response to undernutrition in a group of conventional adult rats made hypothyroid. After acute undernutrition (8 g food/rat) for nine days, the basal Isc of the distal colon of the hypothyroid rats was not only significantly reduced but did not respond to mucosal amiloride like that of the conventional, acutely undernourished rats. However, subcutaneous injection of L-thyroxine to the acutely undernourished rats which had been made hypothyroid restored the response to amiloride (Fig  4) . These findings are consistent with studies by Edmonds and Wills,'0 who reported that the hypothyroid condition in normally fed rats inhibited the induction of amiloride sensitive Na+ transport in the distal colon.
The failure of the distal colon from vitamin A deficient rats to respond to their 'chronic undernutrition' could thus be due to the impaired action of thyroid hormones at the cellular level reported in this condition.8 A schematic summary of the putative links between vitamin A, the thyroid hormone, and nutritional status is given in Figure 5 
